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Abstract 
Cr3C2-NiCr coating has been widely used in the application of wear and corrosion resistance at high temperature. Rare earth 
elements are generally added to enhance the corrosion resistance of coatings. In this study the oxidation behaviour of Cr3C2-NiCr 
coating was investigated at 900°C with & without the addition of CeO2 by 0.4% by weight under cyclic conditions. Coating was 
sprayed on Superni 600 substrate by D-gun technique. Oxidation rate was determined by weight change/area vs. number of 
cycles plot. Scale formed on the surface of samples was examined using FESEM/EDAX, XRD, cross-sectional and X-ray 
mapping analysis. It was found that addition of CeO2 in small amount has increased the oxidation resistance. The parabolic rate 
constant of   Cr3C2-NiCr coated and Cr3C2-NiCr+0.4wt.%CeO2 coated Superni 600 was found to be about 28 times and 60 times 
less than that of bare Superni 600. 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction  
Superalloys find wide usage in power plant boiler accessories like super heaters, re heater tubes, turbines & other 
component of energy conversion units. These components are subjected to thermal fluctuations at operating 
conditions & aggressive environment which may lead to degradation. Coatings are generally provided on the 
substrate to protect them from high temperature oxidation. Thermal spray techniques are used to deposit coatings for 
high temperature application. Various thermal spray techniques used for providing coatings are HVOF, plasma 
spray, D-gun, wire arc spray etc. Among these techniques D-gun is widely known for its outstanding bond strength 
& density (T.P. Gavrilenko et al. 1995).  
In order to improve the adherence & oxidation resistance of coating rare earth elements are added. Lot of work has 
been reported regarding the beneficial effect of rare earth elements (REEs) such as La, Zr, Ce, Y etc. The 
incorporation of small amount of RE in the coating composition has led to significant increase in the oxidation 
resistance and adherence of coating (B. Gudmundsson et al. (1989), H.M. Tawancy et al. (1994), ZHOU Yue-bo et 
al. (2008), Xiu SONG et al. (2011), J-M. Brossard et al. (2004) & L. Zhu et al. (2004). Reactive elements can be 
added either in the form of oxide-dispersion alloy or by surface coating of these oxides, which have shown improved 
scale adherence to metal-substrate when subjected to high temperature corrosion (S. Seal et al. (2004)).  Reactive 
element act as vacancy sinks to suppress void formation at the interface of alloy & scale, formation of oxide pegs at 
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alloy-scale interface, segregation of reactive element to the alloy-oxide interface to form a graded seal which 
strengthens the alloy-scale bond (Neil Birks et al. (2006)). Superalloys, high temperature stainless steels & 
chromized coating rely on the formation of chromia for oxidation protection.  In chromia forming alloys the effect of 
adding REE is to increase the adherence, in addition to that they also decrease the amount of transient oxidation, 
decrease the oxide grain size, reduce the growth rate of oxide & alter the transport mechanism through oxide. The 
reactive element segregates to the alloy oxide interface & blocks the interface reaction for the incorporation of 
cations into the scale. They have proposed that the absence of cation transport lead to the decreased growth stress & 
hence improved adherence (Neil Birks et al. (2006)). R. Mahesh et al. (2010) reported in their study that HVOF 
sprayed NiCrAlY-0.4wt.%CeO2 coated superalloys showed better oxidation resistance and adherence at elevated 
temperature as compared to bare superalloys. In a study M. Mobin et al. (2002) reported that oxidation rates of 
carbon steel and aluminide coatings were markedly reduced in the presence of CeO2 and La2O3 in the temperature 
range of 700°C-900°C. In a study Stela Maria de Carvalho Fernandes et. al. (2004) reported that the oxidation of RE 
oxide (CeO2 and La2O3) coated Fe-20Cr alloy was significantly lower than that of uncoated alloy at 1000°C. 
A study has been done earlier to check the oxidation kinetic of bare and Cr3C2-NiCr coated Superni 600 samples and 
it was observed that Cr3C2-NiCr coated Superni 600 sample showed better oxidation resistance as compared to bare 
Superni 600 (Sanjeet Kumar et al. (2013)). In the present study, experiments have been performed on bare, Cr3C2-
NiCr coated and Cr3C2-NiCr+0.4 wt.%CeO2 coated Superni 600 (SN 600) in order to observe the effect of rare earth 
element i.e. CeO2 in Cr3C2-NiCr coating during cyclic oxidation in air at 900°C.  
2. EXPERIMENTAL 
2.1. Material 
2.1.1. Substrate 
The substrate for experimentation which is SN 600 was procured from Mishra Dhatu Nigham Limited, Hyderabad 
(India) in the form of hot rolled and annealed sheet. The chemical composition of SN 600 is shown in Table. 1. The 
specimens of dimension approx. 20mm × 15mm × 5mm were cut from the sheet. 
 Table 1. Chemical composition of Superni 600 
Elements Ni Cr Fe C Mn 
Composition wt. % 73.8 15.5 10 0.2 0.5 
2.1.2. Coating Powder and Coating Technique 
A commercially available 75%Cr3C2-25%NiCr powder is used to coat the substrate using D-gun thermal spray 
technique. Detonation gun process used to deposit the coating at SVX powder M Surface Pvt. Ltd. Greater Noida, 
India. Morphology of Cr3C2-NiCr coating powder is shown in Fig.1 
 
 
 
 
Fig.1. Morphology of Cr3C2-NiCr coating powder 
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2.2. Preparation of specimen 
The specimens were polished by using 220, 320, 600 & 800 grit size emery paper followed by cloth polishing using 
alumina powder. Then the sample was grit blasted using alumina to roughen the surface in order to have good 
adherence of the coating. After this, Cr3C2-NiCr coating was provided on the substrate by D-gun process. The 
process parameters are shown in Table 2. Similarly, Cr3C2-NiCr + 0.4wt.%CeO2 coating was provided by D-gun 
process unchanging the parameters. Prior to that a mixture of CeO2 (0.4 wt.%) with 99.99 purity and Cr3C2-NiCr 
powder were dry –ball milled in a conventional rotating ball mill with stainless steel balls as milling medium for 8 h 
to obtain the homogenous powder for the deposition of coatings. The particles are of spherical shape with an average 
size varying from 10μm-35μm.  
Table 2. Process parameters considered for D-gun spraying 
 
 
 
 
2.3. Oxidation Study 
After coating, the specimen was cleaned ultrasonically in order to remove any foreign particles which might have 
adhered to surface during coating. Initial weight of specimens was recorded on weighing balance having sensitivity 
0.1 mg. samples were put in alumina boat (pre heat treated at a constant temperature of 1100°C for 10 h) and again 
weighed with boats. The samples were then subjected to oxidation at 900°C in silicon carbide tubular furnace in air 
for 100 cycles. One cycle consist of 1h heating at 900°C followed by 30 minutes cooling at ambient temperature. 
Weigh change after each cycle was recorded in order to determine oxidation rate. Visual changes were also noticed 
after different number of cycles. After oxidation study, the kinetic of samples was calculated using Weight 
change/Area vs. Number of Cycle plot. Further samples were characterized using FESEM/EDAX, X-ray diffraction, 
cross-sectional analysis and X-ray mapping.  
3. Results 
3.1. Visual Analysis 
The macrographs of bare, Cr3C2-NiCr coated & Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 after subjected to cyclic 
oxidation in air for 100 cycles at 900°C is shown in Fig.2(a and b), Fig.2(c and d) and Fig.2(e and f) respectively. 
During the initial cycles, green colour oxide was formed on bare SN 600, which turns to gray patch on dark grey 
background after 100 cycles as shown in Fig.2(a and b). Similarly in case of Cr3C2-NiCr coated and Cr3C2-NiCr + 
0.4wt% CeO2 coated SN 600 as shown in Fig.2( c and d) and Fig.2 (e & f) respectively, the colour of specimens 
changes to dark & dense green oxide with dark grey background  at the end of 100 cycles. 
 3.2.Weight change measurements 
Weight change measurements of bare, Cr3C2-NiCr coated and Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 subjected 
to cyclic oxidation in air for 100 cycles at 900°C is shown in Fig.7. Mass gain by bare, Cr3C2-NiCr coated and 
Cr3C2-NiCr+0.4wt.%CeO2 coated sample was 1.3393 mg/cm2, 0.2890 mg/cm2 and 0.2260 mg/cm2 respectively. The 
weight gain by bare SN 600 is more than the Cr3C2-NiCr coated SN 600 followed by the Cr3C2-NiCr+0.4wt.%CeO2 
coated SN 600 Fig. 3(a) shows the graph plotted between weight change/area and No. of cycles.  
Process Parameters Cr3C2-NiCr Coating 
O2/Acetylene Volume Ratio 01:01.2 
Carrier gas flow rate, N2 (m3/h) 0.96 
Frequency of shots (shots/sec) 3 
Diameter of spot (spot size) 20 
Spraying distance from nozzle(m) 165 
Powder flow rate (g/shot) 1-2 
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The corrosion kinetics was obtained by the plot (wt. changes/surface area) 2 Vs. No. of cycles as shown in Fig. 3(b) 
and it was observed that all the specimens followed the parabolic rate as given in Table. 3 
 
 
 
 
 
 
 
Fig.2. Macrograph of a) bare, b) Cr3C2-NiCr coated and c) Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 respectively after subjected to cyclic 
oxidation in air for 100 cycles at 900°C 
 
 
Fig.3. (a) Weight changes/area vs. no. of cycles plot & (b) (Weight changes/area)2 vs. no. of cycles plot of bare, Cr3C2-NiCr coated and Cr3C2-
NiCr +0.4wt.%CeO2 coated SN 600 after subjected to cyclic oxidation in air for 100 cycles at 900°C 
Table 3. Parabolic Rate Constant 
Sample Parabolic Rate Constant (g2 cm-4 s-1) 
Bare SN 600 0.23 x 10-10 
Cr3C2-NiCr coated SN 600 0.008 x 10-10 
Cr3C2-NiCr+0.4wt.%CeO2 
coated SN600 0.005 x 10
-10 
   
3.3. FESEM/EDAX 
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Fig.4. SEM images of a) bare, b) Cr3C2-NiCr coated SN 600 &c) Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 specimen after subjected to cyclic 
oxidation in air for 100 cycles at 900°C 
Scanning electron micrograph (SEM) images of bare, Cr3C2-NiCr coated & Cr3C2-NiCr+0.4wt.%CeO2 coated SN 
600 specimens subjected to cyclic oxidation in air for 100 cycles at 900°C are shown in Fig.4(a), Fig.4(b) and 
Fig.4(c) respectively. 
A compact, non-porous and adherent oxide layer was formed in bare, Cr3C2-NiCr coated & Cr3C2-
NiCr+0.4wt.%CeO2 coated SN 600 as well. EDAX analysis of bare SN 600 (Fig. 5(a)) indicates the presence of Mn, 
Ni, Cr, Fe along with O whereas in Cr3C2-NiCr coated SN 600 (Fig. 5(b)), O is present along with Cr, Ni, and small 
amount of C while Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 (Fig. 5(c)), shows the presence of Cr along with O, Ni, 
C and Ce. Ce was also observed in perceptible amount.  
3.4. X-Ray Diffraction 
Fig.6 shows the X-ray diffraction analysis of bare, Cr3C2-NiCr coated and Cr3C2-NiCr+0.4wt.% -CeO2 SN 600 after 
subjected to cyclic oxidation for 100 cycles in air at 900°C. In bare SN 600 (Fig. 6(A)) majorly Cr2O3, Ni & 
NiCr2O4 peaks were observed with minor peaks of NiO, Fe2O3 & NiMn2O4. In case of Cr3C2-NiCr coated SN 
600(Fig. 6(B)) major peaks of Cr2O3, Cr23C6, Cr7C3, NiCr2O4 was observed with minor peaks of Ni. While in Cr3C2-
NiCr+0.4wt.%CeO2 coated SN600(Fig. 6(C))  high intensity peaks of Cr2O3, Cr7C3, NiCr2O4, and Cr3Ni2 were 
present along with medium intensity peaks of CeCrO3 & Ce2O3. 
3.5. Cross-sectional analysis 
Cross-sectional analysis of oxidized bare SN 600 is shown in Fig.7(a) which indicates that the oxide layer formed on 
the substrate majorly consists of Cr, O, Fe, Ni along with minor Mn, thus confirming the formation of oxide of these 
elements. The thickness of oxide layer formed was found to be about 5-12 μm. The oxide layer has been penetrated 
in the substrate showing detrimental effect.  
The cross-sectional analysis of Cr3C2-NiCr coated SN 600 is shown in Fig.7(b)and it can be observed that the Cr is 
present in  higher amount (35-50 wt. %)  in scale formed as compared to that of bare one (20-35 wt.%). Also the 
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thickness of scale formed was found to be about 3-8 μm. oxide scale formed majorly consists of Cr, O, C which led 
to the formation of chromium oxide & chromium carbide. Cross-sectional analysis of oxidized Cr3C2-
NiCr+0.4wt.%CeO2 coated SN 600 is shown in Fig. 7(c) and it was observed that the formation of oxide scale was 
found to be very thin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5. EDAX analysis of (a) bare, (b) 
Cr3C2-NiCr coated and (c) Cr3C2-
NiCr+0.4wt.%CeO2 coated SN 600 after subjected to cyclic oxidation in air for 100 cycles at 900°C at 500x 
At point 5 and 6 which lies on the top layer i.e. oxide mainly consists of Cr, O along with minor C, Ni. At point 3 
which lies in the coating, shows appreciable amount of Ce (70 wt.%) along with small amount Cr, Ni. 
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 3.6. X-ray Mapping 
 
 
 
 
 
 
 
 
 
 
Fig.6. XRD analysis of (A) bare, (B)Cr3C2-NiCr coated and (C) Cr3C2-NiCr+0.4wt.% CeO2 SN 600 after subjected to cyclic oxidation in air for 
100 cycles at 900°C 
X-ray mapping of bare SN 600 subjected to cyclic oxidation in air at 900°C is shown in Fig. 8 (a). It can be 
observed that concentration of Cr, Mn, O and Ni is higher toward the oxide scale which indicates that the diffusion 
of Mn Fe and Ni towards the oxide scale and hence confirming the presence of NiMn2O4, Fe2O3, NiO and NiCr2O4 
as these peaks were observed in XRD analysis. The X-ray mapping of oxidized Cr3C2-NiCr coated SN 600 shows 
that the concentration of Cr and O is higher in the top scale and hence confirming the formation of Cr2O3 layer as 
shown Fig. 8(b) whereas the X-ray mapping of oxidized Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 shows that  
concentration of O is higher at the interface of substrate and coating, and also in the top layer as shown in Fig.8(c). 
Mapping also shows the uniformly distribution of Ce throughout the coating.  
4. Discussion 
The morphology of Cr3C2-NiCr coating powder is shown in Fig. 1. Shape of particles is speherical and globular 
type. Particle size varies from 25-35 micron. Fig.2 shows the macrograph of oxidized samples and it was observed 
that a grey colour oxide layer formation took place over the dark grey surface of bare SN 600 while in the case of 
Cr3C2-NiCr coated surface of the specimen turned into the dark green colour and the surface of Cr3C2-
NiCr+0.4wt.%CeO2 coated turned into contrastive green colour. In case of Ceria added Cr3C2-NiCr coated SN 600 
very dense and uniform oxide layer was observed. Dark grey oxide signifies the formation of chromium oxide.  
Mass change measurements shows that at the end of 100 cycles mass gain by bare, Cr3C2-NiCr coated and Cr3C2-
NiCr+0.4wt.%CeO2 coated SN 600 samples were 1.3393 mg/cm2, 0.2890 mg/cm2 and 0.2260 mg/cm2 respectively. 
Fig.3 (a) shows the weight changes/surface area vs. No. of cycle graph of bare, Cr3C2-NiCr coated and Cr3C2-
NiCr+0.4wt. %CeO2 SN 600 subjected to oxidation at 900°C after 100 cycles. Subsequently the graph was plotted 
between (weight changes/surface area) 2 vs. No. of cycles as shown in Fig. 3(b) and parabolic rate constant was 
calculated and is given in Table 3. The parabolic rate constant for Ceria added sample is least which shows that by 
the addition of ceria oxidation resistance has improved. In a study Reidar Haugsrud (2002) reported that when CeO2 
is applied as a surface coating the parabolic rate constant Kp was lowered by a factor of 25 and 15 at temperature of 
800°C and 900°C respectively. The effect of CeO2 on the oxidation mechanism has been put forwarded by them in 
terms of decreasing diffusivity of cations along grain boundaries. The effect of CeO2 on the oxidation rate below 
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1000°C has usually been attributed to grain boundary segregation of CeO2 and hence CeO2 particles block the grain 
boundary for outward metal transport. As shown in Fig. 5(a), EDAX analysis of bare SN 600 reveals that Cr, Mn 
and Ni were present in good amount along with O on the surface of sample which may be attributed to the formation 
of  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.7. Cross-sectional analysis of (a) bare, (b) Cr3C2-NiCr coated and (c) Cr3C2-NiCr+0.4wt.% CeO2 SN 600 after subjected to cyclic oxidation in 
air for 100 cycles at 900°C 
 
 
Cr2O3,NiCr2O4,  NiMn2O4, Fe2O3 and NiO Whereas in case of Cr3C2-NiCr coated SN 600 (Fig. 5(b)), Cr, Ni were 
present along with good amount of O which indicates the formation of Cr2O3, NiCr2O4, Cr23C6 and Cr7C3 while in 
Cr3C2-NiCr+0.4wt%CeO2 SN 600 (Fig. 5(c)), Ce was present in addition to the Ni, Cr along with O which may 
ascribed to the formation of  Cr2O3, Ce2O3, CeCrO3, Cr3Ni2, Cr7C3 and NiCr2O4. Presence of all these phases was 
further confirmed by the XRD Fig. 6. It can be seen in Fig 5(c) the oxide layer formed in case of Ceria added 
coating is very adherent and particles of the oxide layer seems to be bind together. Since the oxide layer is 
continuous and adherent, this results in improving the corrosion resistance and reducing the oxidation rate (H. Singh 
et al. (2007)). XRD analysis shows the presence of Cr2O3, NiMn2O4, NiO and NiCr2O4 phases in case of bare SN 
600 (Fig. 6A). It can be inferred that Mn and Fe must have diffused outward and led to formation of Ni-Cr, Ni-Mn 
spinels. Due to the formation of these spinels the oxidation resistance of alloy increases. The presence of spinel  
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Fig.8. X-ray mapping of (a) bare, (b)Cr3C2-NiCr coated and (c) Cr3C2-NiCr+0.4wt.% CeO2 SN 600 after subjected to cyclic oxidation in air for 
100 cycles at 900°C 
phases on the surface may enhance the corrosion resistance due to much lower diffusion coefficients of the cation 
and the anion in the spinel phases than those in the parent oxide phases (R.A Mahesh et al. (2008)). 
It was observed that the formation of spinel of Ni-Cr take place in the coated samples as well but along with Cr23C6 
and Cr7C3 as shown in Fig. 6(B). Cr3C2 phase leads to decarburization and results in the formation of Cr23C6 and 
Cr7C3 (Subhash Kamal et al. (2009)). But in case of Cr3C2-NiCr+0.4wt.%CeO2 coated sample (Fig. 6C), Ce2O3 and 
CeCrO3 phases were also present along with the Cr23C6, Cr7C3, and spinels of Ni-Cr which helps to improve coating 
stability because Ce2O3 is thermodynamically more stable oxide of Ce (S. Seal et al. (2006)). X-ray mapping shows 
the elemental distribution throughout the scale of the cross section. It can be clearly inferred from the mapping of 
bare SN 600 (Fig.8(a)) that the chromium and oxygen are present in higher concentration just above the substrate 
which indicates the presence of chromium oxide. Also the concentration of Fe and Mn is higher in the top layer 
which shows that the Mn has diffused outwards. As shown in Fig. 8(b), X-ray mapping of Cr3C2-NiCr coated SN 
600 indicates that the concentration of Cr and O is higher at the substrate-coating interface and at the top layer of 
coating which led to the formation of Cr2O3. It can also be observed that Mn has also diffused throughout the 
coating and hence confirming the presence of NiMn2O4 while X-ray mapping of Cr3C2-NiCr+0.4wt.%CeO2 coated 
SN 600 shows that the concentration of Cr, O is higher in the top layer and substrate-coating interface as shown in 
8(c). 
 
 
 
 
It can be seen clearly that the concentration of Mn is higher throughout the coating from which it can be inferred that 
Mn must have diffused uniformly throughout the coating. Ce is also distributed uniformly throughout the coating. 
Since the top scale consists of O and Cr therefore the presence of these elements confirms the presence of Cr2O3. 
A very thin and protective layer of oxide layer was formed in case of Ce added Cr3C2-NiCr coated SN 600 as shown 
in Fig. 7(c). If the scale formed is thin than it protect the material to further oxidation (A.S Khanna (2002)). Stela 
Maria de Carvalho Fernandes et al. (2004) proposed that the mechanism of scale growth involves predominant 
oxygen ion diffusion (the large RE ion block chromium ion diffusion along grain boundaries) and therefore results 
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in thinner chromia scales on RE oxide coated specimens.  In a study made by D.P. Moon et al. (1989), it was 
deduced that reduced scale growth could be attributed to blocking of grain boundary diffusion in the particle 
dispersed layer. Further due to presence of Ce oxide the oxidation resistance has increased. In the various studies it 
has been revealed that due to presence of Y and Ce oxides the scale is more resistant to spalling due to the formation 
of thin and fine grained Cr2O3 on the surface (L.V. Ramanathan (1993))  
        
5. Conclusions 
1. Cr3C2-NiCr coating has been successfully sprayed on SN 600 using Detonation-gun technique and found to 
be sustainable at 900°C under cyclic oxidation in air.  
2. SN 600 shows good oxidation resistance at 900°C under cyclic condition. Uniform and adherent scale was 
formed on the surface of all the specimens after oxidation. 
3. Cr3C2-NiCr coated SN 600 and Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600  showed the better oxidation 
resistance than the bare SN 600. 
4. Weight gain by Cr3C2-Nicr coated and Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 was found to be one-
fourth and one-sixth of bare SN 600 respectively. 
5. The parabolic rate constant of Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 was found to be lowest (0.005 x 
10-10 g2 cm-4 s-1)  followed by Cr3C2-NiCr coated SN 600 (0.008 x 10-10 g2 cm-4 s-1 ) and bare SN 600 (0.23 
x 10-10 g2 cm-4 s-1). The parabolic rate constant of   Cr3C2-NiCr coated and Cr3C2-NiCr+0.4wt.%CeO2 
coated Superni 600 was found to be about 28 times and 60 times less than that of bare Superni 600. 
6. The thickness of scale was very thin in case of Cr3C2-NiCr+0.4wt.%CeO2 coated SN 600 (2-3 μm) as 
compared to the Cr3C2-NiCr coated (3-8 μm)and bare SN 600 (5-12 μm) respectively. The thin scale 
formation may be attributed to the formation of Ce2O3 and CeCrO3 phase which stopped the diffusion of 
metal ions to form thick scale. 
7. Formations of spinel i.e. NiCr2O4 and Cr23C6, Cr7C3 phases have given their contribution to increase the 
oxidation resistance of coated SN 600 samples. 
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